Abstract: This paper focuses on how the use of renewable energy technologies such as biogas can help to achieve environmental and socio-economic sustainability. It combines research on sustainable consumption and production, natural and industrial ecosystems and renewable energy adoption to develop a framework for an industrial ecosystem for biogas for bottom-of-the-pyramid and rural populations. The framework suggests that three dimensions of industrial ecosystems and a meta-dimension can be embedded in the design of a new industrial ecosystem for biogas to facilitate environmental and socio-economic sustainability. Case studies of an organization engaged in using biogas to create a sustainable bioenergy ecosystem for rural populations and two organizations producing biogas in urban India provide support for the framework.
Introduction
Technological change holds the promise of achieving Sustainable Development Goals [1] which envision a world that provides to all the opportunity to fulfil their aspirations and meeting the needs of the present without compromising the ability of future generations to meet their own needs [2] . Renewable energy technologies play an important role in addressing the challenge of achieving environmental sustainability [3] . In 2015, G7 and G20 committed to improving access to renewable energy and increasing energy efficiency, and the United Nations General Assembly adopted the Sustainable Development Goal for Sustainable Energy for All (SDG 7). In December 2015, 195 countries agreed to limit global warming to well below 2 degrees Celsius at the United National Framework Convention on Climate Change's 21st Conference of the Parties (COP21) in Paris as a part of this effort. The majority of countries committed to scaling up renewable energy and energy efficiencies through their Intended National Determined Contributions (INDCs). A total of 147 gigawatts (GW) of renewable power capacity was added in 2015, the largest annual increase ever, despite falling global prices and ongoing subsidies for fossil fuels, and other challenges to renewables [4] , indicating that the push for renewable energy has gained momentum.
This paper focuses on the potential of bioenergy technologies such as biogas to address the goal of a sustainable and equitable future for all [1] in an emerging economy, India, where the challenge is to facilitate economic growth and meet the expected increase in demand for energy, while alleviating poverty, through the adoption of renewables such as biogas [5, 6] . Commercializing new renewable energy technologies is challenging since they encounter the "valley of death" due to lack of attention paid to creating an industrial ecosystem [7] [8] [9] and forging new pathways to the market especially when technologies are disruptive [10] ), leading to insufficient adoption. This paper combines key concepts such as the importance of interactions and linkages and diversity of organizational type for stability in natural and industrial ecosystems [7] [8] [9] with those from sustainable consumption and production, which emphasize consuming "green" products and services and using methods of production that minimize environmental impact [11] [12] [13] and with research on renewable energy adoption [14] [15] [16] . Based on these theories, a framework is developed using an ecosystems approach to stimulate biogas adoption, minimize environmental impact and achieve socio-economic sustainability. This paper examines the following research question: How can sustainable consumption and production be embedded into the creation of an industrial ecosystem for renewable energy (such as biogas) to minimize environmental impacts and ensure socio-economic viability and widespread adoption?
This paper applies the framework to biogas for bottom-of-the-pyramid (BOP) [17] populations in rural India that lack access to electricity and other basic amenities. Biogas from biomass such as cow manure or poultry litter at a small-scale is relevant because these inputs are locally available and do not require large infusions of capital. BOP markets also represent an important opportunity for innovations promoting sustainable energy production via technologies that target first-time users who may accept sustainable consumption and production (SCP) models more readily than established users where conventional technologies must be displaced. Case studies of an organization that successfully created a biogas ecosystem for rural populations in India and two organizations involved in producing biogas in urban India are presented to support the framework.
Bioenergy is important as it plays a role in all three sectors of energy use: heating (and cooling), electricity and transport. Solid biomass is the largest share of biomass used for generating heat and electricity while liquid biofuel is the largest source in the transport sector. The use of biomass for energy has grown at about 2% per year since 2010, and the bioenergy share of total global primary energy consumption has remained at about 10% since 2005 (see Figure 1 below). In industrialized countries, the focus is largely on liquid fuels such as biodiesel and ethanol (derived from biomass). In 2015, the United States, Brazil and Germany were leaders in biodiesel production, annual investment and net capacity additions while the United States, Brazil and China were the leaders in ethanol production [4] . However, in emerging economies, using land for food takes priority over growing biomass for energy. In recent years, research has focused on advanced biofuels derived from ligno-cellulosic materials [18] , municipal solid waste, micro-algae and photosynthetic organisms [19] . However, these technologies are not yet commercially viable.
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Bioenergy is important as it plays a role in all three sectors of energy use: heating (and cooling), electricity and transport. Solid biomass is the largest share of biomass used for generating heat and electricity while liquid biofuel is the largest source in the transport sector. The use of biomass for energy has grown at about 2% per year since 2010, and the bioenergy share of total global primary energy consumption has remained at about 10% since 2005 (see Figure 1 below). In industrialized countries, the focus is largely on liquid fuels such as biodiesel and ethanol (derived from biomass). In 2015, the United States, Brazil and Germany were leaders in biodiesel production, annual investment and net capacity additions while the United States, Brazil and China were the leaders in ethanol production [4] . However, in emerging economies, using land for food takes priority over growing biomass for energy. In recent years, research has focused on advanced biofuels derived from ligno-cellulosic materials [18] , municipal solid waste, micro-algae and photosynthetic organisms [19] . However, these technologies are not yet commercially viable. Hence, this paper focuses on biogas from organic waste, which is important for emerging economies since it can meet energy needs in rural areas where grid connectivity is poor or missing as well as in urban areas. Biogas is produced by anaerobic digestion of various types of organic matter including manure, agricultural residues, organic household waste and sewage. Capturing biogas from livestock eliminates methane release into the atmosphere. Methane is 25 times stronger than Hence, this paper focuses on biogas from organic waste, which is important for emerging economies since it can meet energy needs in rural areas where grid connectivity is poor or missing as well as in urban areas. Biogas is produced by anaerobic digestion of various types of organic matter including manure, agricultural residues, organic household waste and sewage. Capturing biogas from livestock eliminates methane release into the atmosphere. Methane is 25 times stronger than carbon dioxide as a greenhouse gas. Moreover, anaerobic digestion to produce biogas reduces odors and yields nutrient-rich liquid fertilizer [21] .
The potential of biogas has been recognized in all economies. Global biogas production more than quadrupled from 0.28 EJ to 1.28 EJ from 2000 to 2013 with the highest increase in Asia. China, Germany and USA are the top three producers of biogas globally, while India ranks 9th [22] . A 4.4 megawatt (MW) project was launched in South Africa to produce electricity from cattle waste [4] . Tropical Power Kenya Limited installed a 2.8 MW grid-connected biogas plant in 2015 and plans to build plants producing more than 130 MW across Africa by 2018 [23] . A 2011-2013 biogas audit conducted in Bangladesh suggests that though biogas technology has been widely adopted in Bangladesh and provides benefits such as clean fuel for cooking, problems exist such as insufficient feedstock and plants falling into disuse because of lack of maintenance and training [24] . In Asia, anaerobic digestion plants for waste materials have been deployed, mainly in Thailand and Indonesia. In Europe, the number of biogas plants rose by 18% from 14,569 in 2013 to 17,240 in 2014. Simultaneously, the total number of bio-methane plants increased 23% to 367, with Germany, Sweden and U.K. leading in production [25] . In 2015, Macedonia installed a biogas plant for cattle waste of 3 MW capacity, and the European Bank for Reconstruction and Development agreed to finance a biogas plant in Ukraine.
This paper focuses on biogas from cattle manure in rural India because it offers decentralized solutions for rural populations. Chanakya et al. [19] note the importance of decentralized approaches due to the shortage of land for fuel crops in India and because it can mitigate greenhouse gas emissions. India's large population and rising energy needs from rapid economic growth (estimated at 7.9% from April 2016 to March 2017 and 8% in 2017-2018) make the adoption of renewables such as biogas imperative to alleviate pollution. India is an increasingly significant player in renewable energy; the government of India has allocated INR 34 billion (about USD 508 billion) for the bioenergy mission. Annual biomass availability in India, including agricultural, forestry and wasteland residues, is estimated at 915 million metric tons (MMT). The combined power potential is estimated at 33,292 MWe (megawatt energy equivalent). Together with power generation through bagasse cogeneration, the total estimated biomass power potential is above 40,000 MW [18] .
Producing biogas from cattle manure is important for reducing forest degradation (forest biomass is used as fuel for cooking), one of the major contributors of greenhouse gas emissions in India [26] . India is the fourth largest emitter of greenhouse gases (GHGs) in the world [26] . About 89 percent of rural and 28 percent of urban households depend on firewood, chips and dung cakes for meeting energy needs [27] . Additionally, India has the largest cattle population in the world [28] . A national program on biogas since 1982 has seen over four million family sized biogas plants (2-4 m 3 digester size) installed by 2010 [29] . Biogas can replace natural gas for powering gas engines to generate electricity and run motor vehicles. Slurry from digesters can be used as fertilizer [30] . Biogas has the potential to replace about 37 percent of fuelwood consumption and about 30 percent of the energy supplied by conventional fuels such as fuelwood, kerosene and LPG (liquefied petroleum gas) [31] . With 95 percent of livestock in rural areas, there is the potential to harness 48,220 million cum (cubic meters) of biogas per year and reduce GHG emissions by replacing fuelwood with manure management [31] .
The next section outlines approaches to sustainability, natural and industrial ecosystems and renewable energy adoption and provides a framework for SCP. Section 3 outlines the methods and presents insights from organizations involved in creating biogas ecosystems for rural and urban India to support the framework. Section 4 provides a discussion and conclusion.
Approaches to Sustainability, Ecosystems, and Renewable Energy Adoption
This section draws on three streams of literature relevant for the key themes discussed in this paper: sustainable consumption and production (SCP), natural and industrial ecosystem theory, and renewable energy adoption. SCP focuses on tools and techniques to modify activities in the production value chain and consumption life cycle of goods and services to reduce environmental impact. The literature on natural ecosystems and sustainability in industrial ecosystems provides insights on elements critical for stability in such systems. Likewise, the literature on renewable energy technology adoption sheds light on barriers. Together, insights from these streams of research helps build understanding of how to create an industrial ecosystem for biogas that facilitates adoption and is socio-economically and environmentally sustainable. While each research stream focuses on specific aspects of sustainability, insights from linkages between these independent streams have not previously been explored or leveraged.
Sustainable Consumption and Production
Sustainable industrial development can be facilitated through a "green economy" centered on "improved human well-being and social equity, while significantly reducing environmental risks and ecological scarcities" [32] . It involves changing consumption patterns to induce investment shifts towards green goods and services. The production side involves minimizing waste by using renewable resources as inputs and fuels and taking every possible precaution to avoid harming workers, communities, climate, or the environment [33] [34] [35] .
The SCP concept was introduced at the Oslo symposium on Sustainable Consumption as "the use of goods and services that respond to basic needs and bring a better quality of life, while minimizing the use of natural resources, toxic materials and emissions of waste and pollutants over the life cycle, so as not to jeopardize the needs of future generations" (Norwegian Ministry of the Environment, 1994) [36] . It was further refined as "a more efficient use of resources in developing countries, which expands the resource base to meet human needs, and a change in the consumption patterns to achieve reduced overall material and energy use in developed countries" [36] . Sustainable production refers to improving products and production processes to reduce consumption of resources over the full life cycle of products or processes [36] .
In September 2015, the United Nations announced the 2030 Agenda for Sustainable Development wherein 17 Sustainable Development Goals (SDGs) and 169 targets were outlined to transform the planet to address economic, social and environmental concerns. The Millenium Development Goals (the precursor to the SDGs) failed to achieve poverty eradication [37] attributed to over-consumption by the richest 20% of the world's population, which consumes over 80% of global output and is hard to regulate.
Paul Ehrlich and Holdren [38] noted that the impact on the biosphere (I) is the product of three variables: I = P × A × T-the dynamics of demography (P), the degree of wealth or affluence (A), and technology (T), which indicates the amount of pollution per unit of GDP given a specific technology. As measures to control population are controversial and unpopular, policy makers and firms have focused on technology to alleviate pressure on ecosystems. While technology addresses production, affluence impacts consumption and demand of goods and services.
Sustainable production involves increasing resource productivity through cleaner technologies or managerial innovations to reduce environmental damage and improve firm competitiveness. Sustainable production strategies target innovation in process, product and systems [12] . Process innovation refers to technological or organizational solutions (at the level of the firm) that improve environmental performance by reducing pollution. Product innovation refers to changes in products or services that range from product improvement and redesign to radical changes in the product concept using tools such as Design for Environment (DfE) and Life Cycle Assessment to integrate sustainability into innovation [39] . System innovation refers to new organizational solutions at the system level rather than at the firm level, for example in the supply chain, in relations with suppliers, clients, competitors, government agencies and environmental groups. Solutions may be targeted to material handling to storage, sustainably managing natural resources (as in organic agriculture), developing eco-friendly products or managing the recovery and disposal of a product at the end of its life cycle (e.g., white goods and electronics). Sustainable production is measured as the degree of integration of environmental issues within the principles of business [12] . Krajnc and Glavič [40] provide indicators that reflect resource use, the product, environment, economic, quality and social aspects of sustainable production. While there has been progress, ironically, increased product efficiency has made possible increased consumption, creating a "rebound effect" [41] . Hence, it is imperative to focus on sustainable consumption in addition to sustainable production.
Sustainable consumption is defined as consuming differently, consuming efficiently, and having an improved quality of life [42] . Achieving sustainable consumption challenges the status quo. Consumer demand and behavior are influenced by non-economic factors such as sociological, psychological, technological and environmental issues and collective expectations shaped by cultural norms, values and attitudes [11] . Two strategies are possible: (1) shifting demand to low-impact consumption products; and (2) lowering material demand. Both involve all actors: governments, business and individuals [12] . The first strategy aims to encourage green shopping by modifying consumer attitudes towards environmentally friendly products and to boost demand for sustainable goods by educating consumers through eco-design and energy labelling. While businesses have committed to developing sustainable products and technologies, most consumers have not committed to adopting them. In fact, human consumption growth has been accompanied by natural resource depletion, an unsustainable increase in emissions, degradation or loss of forests [43] and, consequently, decline of vertebrate species populations by almost 50 percent from 1970-2015 [44] . The second strategy of lowering material demand through sustainable consumption requires a shift in behavior and consumption patterns to achieve environmental sustainability [13] . However, due to norms, habits and marketing, quality of life continues to be equated with material consumption [45] . Adopting an alternative model prioritizing freedom, security, social recognition, good health, concern for improving the environment, and a lifestyle consistent with these values is challenging. Additionally, it requires broadening the definition of wealth [46] to use new indicators such as Daly and Cobb's [47] 'Index of Sustainable Economic Welfare' and going beyond conventional measures such as GNP, GDP and employment for social well-being [13] as these do not address growing inequality, hidden costs and greater vulnerability to external shocks from economic growth and increasing globalization.
Energy efficiency presents an important opportunity for reducing consumers' energy use and emissions [13] . Moreover, in ecologically defensible societies, energy creation and energy sources would be decentralized and distributed with small groups and local communities in control of their own resources [48] .
Finally, sustainable consumption can lead to self-actualization or self-realization. While the pursuit of material wealth or "artha" is recognized as a fundamental human motivation, it must be informed by "dharma" or the pursuit of righteous behavior if it is to lead to a mature self-understanding [49] . The mainstream approach to sustainable consumption is to focus on adapting consumption so that consumers buy "green products" [46] . Sections 2.2 and 2.3 highlight key features of natural and industrial ecosystems and factors affecting adoption of renewable energy and biogas. Section 2.4 draws on theories presented earlier and develops a framework for sustainable consumption and production to help integrate environmental and socio-economic sustainability in the design of new industrial ecosystems.
Ecosystems

Natural Ecosystems
Natural ecosystems are complex, adaptive systems characterized by historical dependency, non-linear dynamics, and multiple basins of attraction [50] . Outcomes from complex systems arise Agriculture 2017, 7, 15 6 of 20 from the behavior of agents at a lower level of aggregation co-evolving with one another. Simple rules constrain behavior and can give rise to complex behavior [9, 51] . A key theme in research on natural ecosystems is the idea of sustaining the system and maintaining resistance and resilience to change. Researchers have suggested that diversity of species in an ecosystem helps provide multiple services and contributes to resistance and resilience notwithstanding redundancy in function across species. [52, 53] .
Chapin et al. [53] indicate that an ecosystem is sustainable if key groups in the ecosystem maintain their characteristic diversity over the normal cycle of disturbances. Sustainability is influenced by climate, soil resources, major functional groups of organisms (functional groups are groups of species that have similar effects on ecosystem processes [53] ), and a disturbance regime that both influences and is affected by ecosystem processes. Moreover, oscillations in these factors must remain within stable bounds for the ecosystem to be resistant and resilient to change. Negative feedback constrains changes in these factors. For example, negative feedbacks associated with food availability and predation often constrain changes in the population size of a species. Linkages among ecosystems in a landscape can contribute to sustainability by creating or extending the feedback network beyond a single patch. Likewise, changing the composition of species can affect ecosystem processes and sustainability.
Palumbi, Mcleod and Grunbaum [54] suggest that features of ecosystem stability-recovery, resistance, and reversibility-are features of overall resilience or robustness and advocate studying various species (for example, different species of trees or other organisms) and their interactions within the ecosystem. Holling [55, 56] defines ecosystem resilience as the amount of disturbance a system can absorb and still remain within the same state or domain of attraction. Resilience also encompasses the ability of an ecosystem subject to disturbance and change to self-organize, learn, adapt and renew itself [57] . Biological diversity is important in sustaining desirable ecosystem states and maintaining resilience [58] , particularly the diversity of functional groups in a dynamic ecosystem and species diversity within these groups [59, 60] . This is possibly because redundancy of species, processes and mechanisms within an ecosystem enables the maintenance of ecosystem services (for example, pollination services provided by bee populations [61] ) due to the variability in responses of species within functional groups to environmental change.
Finally, research on the provision of ecosystem services emphasizes the importance of linkages and interactions in ecosystems. Various ecosystem services depend upon the movement of organisms and materials across landscapes and are influenced by landscape connectivity-the degree to which a landscape facilitates the movement of organisms and matter. Connectivity also influences biodiversity and ecosystem processes. Landscape composition and landscape configuration also affect the provision of ecosystem services such as pollination and pest regulation [52] . In natural ecosystems, species interact with other species directly and through abiotic factors in multiple ways, and, often form complex networks of interaction. Olff et al. [62] highlight various interactions including pollination, production of toxicants, exchange of organisms, materials and energy as well as predator-prey interactions that influence the distribution and abundance of organisms. Moreover, such interactions alter ecosystem dynamics through various interacting, mechanistic pathways, including species resource acquisition traits, population densities, ability to engineer changes to physical environmental conditions, effects on disturbance, the ability to structure habitat for other species, and their impact on food webs [63] .
In summary, diversity of species and variety of interactions are key features of natural ecosystems that influence dynamics and help maintain stability. This can yield important insights for designing resilient industrial ecosystems.
Industrial Ecosystems
Viewing industry through an ecosystem lens is important because it focuses attention on the interactions of various organizations rather than on individual organizations and helps to understand how industries evolve. Industrial ecosystems are analogous to biological ecosystems in that each process and network of processes is viewed as a dependent and interrelated part of a larger whole [64] .
Moreover, such systems need to be designed as many aspects of materials flows are defined by decisions taken very early in the design process [64] .
Industrial ecosystems can be viewed as complex adaptive systems composed of subsystems at various levels; organizations are agents in the system. As noted above, the attributes of diversity and interaction are necessary for resistance (the capacity to withstand external shocks without loss of function) and resilience (the capacity to recover from disturbance) in natural ecosystems [65, 66] . Iansiti and Richards [67] suggest that business ecosystem health is expressed via robustness, productivity and innovation (niche creation). Thus, sustainable industrial ecosystems are those that are socio-economically viable, preserve livelihoods, ensure reliability of energy supply and protect the safety of people, facilities, regions and the environment [68] . Like natural ecosystems, industrial ecosystems are "open" systems in that ecosystem processes receive some energy and materials from outside and use energy to transform and recycle materials internally and build ecosystem structure and then move some energy and materials back to the outside [65] . For example, Iansiti and Richards [67] note that in the information technology (IT) ecosystem, many organizations ranging from software application developers to venture capital firms influence the value of a single IT product. Other applications of an ecosystem approach include studies of Boston's industrial ecosystem viewed as a "manufactory of sectors" [7] and of knowledge and business ecosystems [8] . Smith [69] highlights that economies are also complex systems; increasing returns to scale are common and significant, increasing possible futures and decreasing the possibility of a long run optimum.
Adoption of Renewables and Bioenergy
Research on the adoption of bioenergy and other renewables indicates that the technological solutions to increase the availability of energy and water and reduce cost can be employed to overcome the limitations created by local resource availability. However, many renewable technologies are at an early stage of development, and their large scale adoption is influenced heavily by subsidies and other policies. Consumers' concern about the environment does not necessarily translate into heightened knowledge or willingness to pay more for renewable energy [14] . However, adoption of renewable energy policies is promoted by higher levels of knowledge, education [15, 16] and income [16] .
Modern bioenergy is a promising option to curb greenhouse gas emissions [70] . Moreover, organic agriculture can mitigate the negative environmental effects of conventional agriculture [71] . However, meeting global energy needs via biomass grown sustainably is problematic as burning biomass for fuel is likely to be incompatible with organic agriculture, which relies on biomass inputs for nutrient balance. In India, production of biofuel from Jatropha Curcas oilseeds was unsuccessful due to poor productivity of oilseeds, lack of promising varieties, rising wage rates and inefficient marketing channels, making its production economically unviable [18, 72] .
Other bioenergy sources include microalgae and their biomass, which can be developed into an alternative source of important feedstocks [73] . Yields of oil from algae are greater than from traditional oilseeds; additionally, they can be grown away from farmlands and forests, minimizing the damage caused to the environment. Third generation biofuels from microalgae address the drawback of first generation biofuels derived from terrestrial crops and second generation biofuels derived from lignocellulosic agriculture, forest residues and non-food crop feedstocks over competing land use and required land use changes [74] . Algal biofuel production in India is possible in flooded paddy crop land before the crop reaches dense canopies, in waste waters and salt affected lands without disruption of food security, water security and overall sustainability [19] . However adoption of these technologies requires ensuring socio-technical acceptance for reuse of wastelands, wastewaters and waste-derived energy and by-products [19] . New technologies for advanced biofuels from microalgae have been developed in the US, but are not yet commercially viable though companies have begun licensing their technologies for purposes such as water purification [18] . Despite its potential to mitigate greenhouse gas emissions, a key factor inhibiting the adoption of biogas is the lack of scale and high investment cost of many small biogas plants at an individual farm site [3] . To alleviate this problem, other energy
crops can be used in combination to raise methane yields to permit increased plant size and, thus, lower the cost of producing biogas.
Other challenges to wider adoption of renewables include the lobbying effect of established industries in a set of European Union countries [75] and insufficient pressure to stimulate major developments. Overall, mass adoption of bioenergy technologies is impeded by lack of a "critical" level of concern for the environment as well as socio-technical constraints. Emerging economies like China and India have greater incentives to adopt renewables including biogas; however, many challenges such as diffusing knowledge and capabilities, and fostering entrepreneurship need to be addressed. The next section develops a framework for sustainable consumption and production.
Framework for Sustainable Consumption and Production
The emergence and development of biomass-based technologies helps integrate the concepts of sustainable consumption and production in designing new industrial ecosystems that are resilient and resistant to change, particularly for rural populations. The framework for such an industrial ecosystem is derived from theories discussed earlier. While the focus is on creating an industrial ecosystem for small-scale decentralized renewable energy technologies for rural populations (that are likely to adopt sustainable technologies to fulfil basic needs and do not have to re-model their behavior due to a prior history of mainstream consumption), these concepts can also apply to urban and semi-urban settings where creating an industrial ecosystem is necessary to facilitate adoption. Such community-oriented small-scale technologies provide a niche for new ideas, artefacts and practices to develop without full exposure to the range of processes channeling regime development [76, 77] . If successful, these new alternatives become sufficiently robust to develop niche markets and attract mainstream interest [46, 78] .
Establishing an industrial ecosystem for biogas allows for incorporating sustainability from the perspective of reducing environmental impact and enhancing socio-economic viability. Key dimensions of such an ecosystem are outlined below.
First, given that complex systems evolve from simple rules that constrain behavior [66] , establishing rules pertaining to sustainability for users and producers in the system can ensure this outcome. Thus, for example, when building the ecosystem, introducing simple rules such as "use only local resources as inputs", "use only renewable resources", "recycle waste" and "use local knowledge wherever possible" can help ensure that local resources such as biomass, manure and solar energy are used. Using local resources and knowledge lowers the cost of new technology adoption, thereby promoting sustainability and economic viability. Moreover, new biomass-based energy technologies are clean, replacing older technologies and methods that generate pollution in the home and the environment. The interaction of local agents constrained by these rules generates new behavior that can alter the system in the long term [66] .
Second, diversity of species is necessary for resilient and robust natural ecosystems [65] and, analogously, in industrial ecosystems. Decentralized technologies that provide off-grid solutions such as biogas are viable for rural communities because they introduce new players in the industrial ecosystem by bringing the solution to the community, thereby changing its dynamics. The entry of new entrepreneurs, start-up organizations and social enterprises or non-governmental organizations increases diversity of organizational type and alters dynamics by focusing on a specific technology and forming a niche that may be ignored by existing players or of peripheral importance to them.
Third, using locally produced biogas rather than imported fuel reduces the cost of energy and helps the community become self-sustaining. As the technology is adopted and its economic viability established, additional opportunities for entrepreneurship (such as provision of inputs or services for maintenance of the technology or processing of waste) are pursued and new market niches discovered. Besides lowering cost and preserving local culture and traditions, using local, indigenous knowledge in the system may also lower cost and generate new market opportunities. Each of these three dimensions of the ecosystem acts to shape the others iteratively. Finally, as in natural ecosystems, interactions and linkages play an important role in maintaining resilience in industrial ecosystems and are considered a meta-dimension encompassing both the industrial ecosystem under consideration as well as other industrial ecosystems. Entry of new entrepreneurs and social enterprises generates new interactions with villagers in the context of new services and new ways to generate livelihoods. It also introduces linkages with other ecosystems via interactions with those outside the community bringing new resources, knowledge and capabilities [72] .
In this way, alternative systems of provision that favor SCP can be generated in local contexts [46] . When such innovations are scaled up and become dominant, they have the potential to alter production-consumption systems and, consequently, the socio-technical regime itself [46] , see Figure 2 below. production-consumption systems and, consequently, the socio-technical regime itself [46] , see Figure 2 below. Table 1 below summarizes the key themes in past research on sustainable consumption and production, natural and industrial ecosystems, and adoption of renewables and highlights the research contributions of this paper. Table 1 below summarizes the key themes in past research on sustainable consumption and production, natural and industrial ecosystems, and adoption of renewables and highlights the research contributions of this paper. 
Methods and Findings
Methods
This paper uses case study methodology to examine the research question regarding how consumption and production models can be embedded in an industrial ecosystem for renewable energy technologies such as biogas to promote adoption, environmental sustainability and economic viability.
Case study methodology is appropriate when asking how or why questions and when the phenomenon is contemporary, rare, unique or critical for theory creation and when relevant behaviors cannot be manipulated [79] . It is advantageous as it deals with a full variety of evidence-documents, artifacts, interviews, and observations [79] . It is also used to extend existing theory to develop new theory [80] . To do so, the paper links literature on sustainable consumption and production with research on natural and industrial ecosystems and technology adoption. Inductive case analysis is used to provide rich context and helps to understand how sustainable consumption and production can be designed into a renewable energy ecosystem and how these promote adoption. Finally, the methodology reveals underlying processes by making concepts concrete [81] .
The design of the study was informed by prior literature on renewable energy adoption. Cases were selected for their relevance to the key theme of the author's Fulbright research study conducted in India during 2013-2014 on the commercialization and adoption of renewable energy technologies by bottom-of-the-pyramid populations. They were also selected based on recommendations of key government officials in the Ministry of New and Renewable Energy, New Delhi, and interviews with expert researchers at two leading science and technology institutes where the author was based during the Fulbright study. Biogas related technologies were prominent for decentralized applications in villages and locations where grid connectivity was poor. The paper also draws from a larger on-going study from 2009-2011 of organizations focused on commercialization processes for emerging "green technologies" in India including renewable energy technologies such as energy from biomass, solar and wind. Cases were selected to maximize variation and build into the research design a comparison of different settings to provide more complete insight as recommended [79, 82] : a case in a rural setting with small-scale biogas plants using cow manure is presented along with one of a large-scale biogas plant on a poultry and dairy farm outside a major city and one of a start-up in an urban setting using various types of biodegradable waste at both large and small scales. The research was informed by interviews of organization heads and key executives. To ensure reliability, a semi-structured questionnaire was used with many questions to probe different aspects of biogas adoption [83] . To ensure validity, information from cases was triangulated through site visits, presentations, annual reports and other published material. Other interviews that informed the research and helped to triangulate findings include interviews in public organizations such as government ministries and top-ranking science and technology universities with leading government officials, scientists and university researchers [79] . Additionally, the author interviewed CEOs of firms and non-governmental organizations (NGOs) serving bottom-of-the-pyramid (BOP) consumers in the renewable energy sector [79] . The data were also triangulated by attending industry conferences in India on renewable energy technologies. Finally, the author examined published reports of renewable energy adoption in India and other emerging economies to ensure generalizability [3, 4, [22] [23] [24] 27, 43, 46] .
Interviews were recorded and transcribed, and the data were analyzed by using categorization and pattern-matching techniques in an iterative process as field data were compared with theory as recommended by Yin [79] , Miles and Huberman [84] , Eisenhardt [85] and Glaser and Strauss [82] . The analysis began with an examination of the data in the light of the literature on adoption of renewable energy technologies. Categories such as "need for complements", "affordability" "livelihood generation" began to emerge and became sharper as interviews progressed. The understanding that the entire socio-economic structure would need adaptation led to an exploration of the literature on natural and industrial ecosystems, sustainability and sustainable consumption and production. Moreover, the understanding that facilitating adoption by BOP populations required a focus on the means to generate a livelihood so that the benefits of a clean environment and clean energy for cooking and lighting could be realized, which led to the insight that new systems could be designed from the start to address such challenges. Thus, iteration from theory to data and vice versa enabled patterns obtained from the data to be matched with the theories discussed in this paper as recommended [79, 82, 84, 85] . For example, the importance of diversity for maintaining stability in natural ecosystem theory led to the insight that the entry of social and other entrepreneurs increased the diversity of organizational types available and contributed to the formation of an industrial ecosystem for biogas. The conceptual model presented in Section 2.4 is applied to the cases and insights from these cases are presented in the next section.
Insights from Bioenergy Ecosystems in India
Background. Decentralized renewable energy solutions such as biogas are in consonance with SCP. Although efforts had been made from the 1980s to promote biogas for villages in India, biogas generation was generally considered low-technology and small scale. Only in the early 2000s did the potential of biogas become recognized. This was due to new technologies for processing various types of feedstock and the potential of large scale deployment of biogas in applications such as cooking and transportation, which made it more viable. Key themes derived from three case studies are presented below.
Case 1. RGSS
A case study of the use of small-scale biogas in a cow shelter in Rajasthan, India, is provided below to show how energy from biogas promotes SCP through the creation of a robust and resilient industrial ecosystem. Rajasthan is a semi-desert area with scanty rainfall of 2-3 inches per year with frequent famines. During famines, livestock are the worst affected due to lack of feed.
Entry of a new player, a social enterprise. Social enterprises such as NGOs focus on solving problems through services and products for people who are underserved by for-profit and public sector organizations. For example, in times of drought and famine, non-governmental organizations (NGOs) play a major role in saving livestock, especially cows, as they are more likely to perish under stressful conditions than sheep, goats or camels. One such NGO, the Rajasthan Gow Seva Sangh (henceforth RGSS), rescued cows from various places in Rajasthan and fed them during the famine by collecting donations. As cows were adopted and became part of the NGO, they were improved over time by feeding and breeding so that following generations would have higher milk yields. In 2014, RGSS had 280 cows, each producing an average of 10-12 kg of milk per day though some breeds produced up to 30-40 kg per day.
Adoption of simple rules. To achieve the objective of self-sufficiency and eliminate donations to feed the cows, RGSS adopted rules such as "creating value from waste". The organization also undertook activities to produce products from cow-milk such as butter, cream, ghee (clarified butter) and curds, while pesticides, insecticides, fertilizer and traditional medicines were derived from cow urine with the objective of commercializing these products. Manure was used for biogas and the remaining slurry turned into high quality fertilizer. Biogas was compressed and used to fuel vehicles. At the time of the study (2014), RGSS was selling fertilizer from cow manure worth INR 2,000,000 (USD 29,998.5) per year and pesticides and insecticides worth INR 200,000-300,000 (USD 3000-4500) per year (INR 66.67 = USD 1.00 (2 August, 2016)). Similarly, the rule "use local resources and knowledge" was adopted as products and services based on traditional knowledge systems such as Naturopathy and Ayurveda were offered on the premises of RGSS.
Discovery of market niches. RGSS also experimented with a number of entrepreneurial ventures to discover market niches that would make the organizational economically viable. Besides dairy products, a pharmacological unit was established under the guidance of experts as well as a hospital for naturopathic treatment of various diseases including stomach ailments, diabetes, arthritis, obesity and skin diseases. The pharmacological unit produced about 65 types of medicines based on Ayurveda, the traditional system of medicine, and sold INR 2,400,000-2,500,000 (USD 35,998-37,498) worth of medicines per annum. Lodging was provided for patients on the premises. Additionally, a plant nursery had been developed and Rs. 300,000-400,000 (USD 4500-6000) worth of plants were sold annually. A sister institution had also been established for collecting and pasteurizing milk and sold about 3000 L of milk per day with a turnover of INR 900,000,000 (USD 13.5 million) per annum. Lastly, animal feed was also produced for the farming community.
Multiplying interactions and building linkages. RGSS forged linkages with leading institutions to obtain know-how for biogas production. Much of the energy needs of the organization were met through the production of biogas from manure. The technology was developed by a leading Indian technical institute, IIT-Delhi, and installed in RGSS as a demonstration project. According to the head of RGSS, 3-4 cows producing a total of about 40 kg of dung per day was sufficient for a small plant. RGSS used a basic process to produce biogas on the premises and compressed it into portable cylinders, which were used to run vehicles such as three wheelers. The cost of commercial LPG in 2013 was INR 70 (USD 1.047) per kilogram so purifying biogas as a replacement for LPG (liquified petroleum gas) and bottling it into CNG (compressed natural gas) was economically viable because it provided more revenue than electricity generation for which the government price was only INR 3.19 (USD 0.048). Besides its application in transportation, CNG could be used as a replacement for LPG by commercial establishments for cooking. About 20%-30% of the manure was converted into gas and the process of biogas production enriched the slurry or by-product so that the remaining 70% resulted in high quality manure. The by-product could also be turned into vermi-compost. External linkages had been built with an academic community, IIT-Delhi, in the process of sourcing the technology and setting up the demonstration project.
RGSS also built linkages with village farmers by providing know-how and training. Additionally, RGSS also helped install about 100 small biogas units near farmers' homes and provided training on how to run the biogas units. The slurry formed excellent manure while the biogas provided cooking fuel; however, new cooking stoves were required to use the biogas. By installing small biogas units, farmers were able to generate fuel for cooking, which was much cleaner than earlier methods. Women benefited greatly as there was less pollution in the kitchen from burning wood or other biomass. A village woman noted in an interview that she was delighted with her new cooking stove and kitchen. It was clean and it took much less time to cook on the new biogas powered stove. Farmers also earned good incomes from selling milk through RGSS's commercial operations and were able to further improve their land and cultivate various crops including vegetables by using solar powered pumps for irrigation. Biogas technology diffused as other farmers adopted it based on their observation of neighboring farmers.
The decentralized biogas systems enabled the formation of a sustainable industrial ecosystem as solutions were local and reduced the need for external energy. Nothing was wasted, and all by-products were re-formulated into value-adding products. Moreover, instead of cutting trees for firewood, villagers used biogas for cooking.
In summary, this case demonstrates that the entry of RGSS helped create a sustainable industrial ecosystem for biogas. Simple rules were followed to develop an ecosystem that embodied SCP with multiple players in the system. RGSS used local resources and promoted their use with farmers, thus creating a production cycle in which all by-products from each stage of production, including waste such as cow dung and cow urine, were turned into valuable products. The adoption of small-scale biogas plants allowed RGSS to produce compressed natural gas (CNG) for transportation and fertilizer while farmers became more self-sufficient in cooking fuel and fertilizer and improved their economic condition. Energy production was local, even though its use was limited to fuel for cooking and transportation. A variety of entrepreneurial ventures helped to discover new market niches. The use of fertilizers and pesticides from natural sources was beneficial as it promoted healthier soil and crops in farms and facilitated farming organically. Moreover, locally available traditional knowledge was used to produce medicines based on Ayurveda, a traditional system of medicine in India, which were much cheaper than allopathic medicines. Additionally, RGSS's interactions with external players like IIT-Delhi facilitated access to new knowledge, while RGSS's interactions with villagers enabled them to turn waste into valuable products and become suppliers of milk for RGSS's commercial milk production unit. While increased consumption has been observed when resources are more freely available, this is not a major issue given the low levels of consumption of rural farmers and villagers at the outset. Direct positive experience of using resources available at hand and achieving higher levels of productivity and self-reliance provide sufficient motivation to facilitate wider adoption of these technologies.
Case 2. AgriWaste
Entry of a new player. The economic viability of biogas was also demonstrated by an entrepreneur whose company, AgriWaste, installed a biogas plant in 2011 at a cost of INR 20.5 million (USD 306,703) in the outskirts of Bangalore on a poultry and dairy farm with 200,000 poultry birds and 100 cows. The name of the company has been disguised for confidentiality.
Adoption of simple rules. As in the first case, industrial ecosystem creation was based on the adoption of simple rules such as using locally available resources such as cow manure and poultry waste; the slurry was used on the farm or sold. Additionally, the entrepreneur focused on "creating value from waste". A total of 200-250 kg of methane produced from 20 tons of cow waste and poultry waste was compressed into CNG, which was used for cooking, to power electric generators, and to heat the poultry farm for chicks less than a week old. Finally, high quality manure was produced from the slurry. Of the total energy produced, 25 percent was used on the premises and 75 percent was for sale.
Discovery of market niches. The entrepreneur noted that the project was economically viable from the outset as there was sufficient demand for CNG for cooking (as a replacement for LPG) and for powering generators. Supplying CNG for cooking provided more revenue than as a replacement for diesel or petrol. The success of the project led him to scale up to producing 500 kg of CNG/day. He also aspired to become the largest producer in Asia and was investigating the possibility of turning food waste into energy in Bangalore. However, large-scale production was impeded by the large requirement of manure and poultry litter.
Multiplying interactions and building linkages. The presence of external linkages and interactions is indicated by the fact that the entrepreneur sourced the technology from a biogas system manufacturer in Ahmedabad, Gujarat. Additionally, he developed linkages with the Ministry of New and Renewable Technology which provided funding in the amount of INR 7,300,000 (USD 109,495). He was also aware of the availability of government funding for new projects to solve problems such as waste disposal and electricity shortages. He kept abreast of technology available in India, had imported technology from U.K. and was considering importing German technology for biogas production from food waste as India did not manufacture machines that could segregate waste. Besides successfully tapping into demand for CNG, he used existing channels to create an industrial ecosystem for biogas.
Case 3. HitechPower
Entry of a new player. HitechPower, a Bangalore-based start-up (name disguised for confidentiality) founded by a young graduate of Indian Institute of Management, Bangalore developed a dry anaerobic digestion system for digesting bio-waste to produce clean bio-CNG from any kind of biodegradable waste including food waste, municipal solid waste, poultry litter and cow dung. The company used its own engineering team to design shredders to process the bio-waste, and outsourced fabrication. The system was modular and consisted of input shredders, gas storage and sludge de-watering systems and gas piping to the kitchen along with burners to provide a turnkey solution. Further, a remote monitoring system tracked the health of the anaerobic reactor and data were transmitted to the company's servers and analyzed by the operations team to locate and solve problems. The system could process INR 40,000,000 (USD 598,467) worth of gas per day or the equivalent of 70 kg/day of LPG. The payback period for the system was estimated at two years without subsidies.
Adoption of simple rules. As in the cases outlined above, the entrepreneur used rules such as "use local resources". The technology and system were designed by the company and depended on locally available waste from various types of biomass. As in previous cases, the rule of "creating value from waste" was embedded in the company's mission as biogas from waste was used for cooking and other purposes.
Discovery of market niches. The entrepreneur explained that the system was not economically attractive at processing capacity levels below 300 kg, and that the company was constantly working to reduce the payback period. Applications were marketed based on where large quantities of bio-waste were to be found and by 2014, the company had 10 systems in operation. These systems had been installed to process bio-waste at a foundation providing food to underprivileged children, in multinational companies, a hotel, and some universities.
Multiplying interactions and building linkages. As in the two cases above, this start-up had to develop an industrial ecosystem for its technology; this included developing linkages and interactions with various organizations (including the Department of Biotechnology and i2 India, a venture capital firm) for funding, potential customers, and technology experts. Ecosystem creation also involved continued interactions with stakeholders facilitated by the technology platform, which allowed for remote monitoring and turnkey management of the system. While stakeholders had to adopt changes to ensure that energy could be effectively produced from waste, the potential for substantial savings resulting from the substitution of CNG for LPG provided a strong incentive to do so. Table 2 provides a comparison across the three cases of biogas adoption at small and large scales. In all three cases, although the setting and scale of biogas production was different, the elements of a sustainable ecosystem were present. In the case of RGSS, ecosystem sustainability depended on social inclusion of the farmers (as stakeholders) through training and education so that they could share in the benefits of the technology and improve their living conditions and livelihoods. In the other two cases, large scale production meant that securing the availability of biomass for processing and finding the right market niches were crucial. In Agriwaste, the entrepreneur had a large enough number of cattle and poultry to generate sufficient waste; demand for CNG for cooking was lucrative enough to make the project economically viable. Likewise, in HitechPower, the systems required large amounts of bio-waste and in urban areas it was possible to install them only in large companies or a community setting. The savings from using biogas for cooking and simultaneously disposing of waste made the system attractive to large organizations. Economically viable at outset; main use is to fill the demand for compressed natural gas (CNG) as fuel for cooking and to power generators.
Large-scale production of bio-CNG to fill the demand at various urban sites such as multinational companies, hotels, universities, etc.
Multiplying interactions & building linkages
RGSS drew knowledge and skills from experts in technology institutes like IIT-Delhi.
Obtained technology from a supplier in another state in India.
Interacted with the Department of Biotechnology, a venture capital firm and technology experts.
Results
Biogas adoption in villages increased productivity, self-reliance, & diffused small scale biogas.
Successful business; promoted adoption of CNG as cooking fuel.
Adopted by various organizations in Bangalore.
Discussion & Conclusions
This paper provides insights on environmental-socio-economic sustainability by suggesting how biogas can be used to sustain livelihoods and reduce environmental impacts of fuel use while being economically viable. Local biogas production for cooking and transportation, power generation and other purposes is important for remote populations as it offers an economically sustainable trajectory for development. This paper is important for agricultural science because it provides two key insights about how to ensure successful adoption of biogas in a manner that promotes environmental-socio-economic sustainability. First, it emphasizes the need to create an industrial ecosystem and provides a framework to suggest how SCP can be embedded in such an industrial ecosystem to support adoption and realize the benefits of biogas. In contrast, earlier research on technology adoption focused primarily on individual technologies while ignoring the various players comprising an industrial ecosystem.
Second, this paper suggests that it is necessary to consider the mechanisms of value creation and service provision in the industrial ecosystem. Third, it highlights the importance of interactions and linkages both between various participants in the system and externally. Fourth, this paper emphasizes that demand and niche creation are necessary for successful adoption.
Finally, this paper applies the framework to small-scale biogas production for rural India and also to the urban context in Bangalore. As the cases suggest, designing SCP in the industrial ecosystem requires the adoption of simple rules. All three organizations developed interactions and linkages with external organizations and stakeholders. Also, in each of the three cases, the industrial ecosystem depended on waste available locally as input for the production of renewable energy. Additionally, decentralized technologies brought new products and means to generate or supplement livelihoods. Further, the adoption of biogas alleviated pollution at home and in the environment because it recycled waste into new, valuable products such as fertilizer and fuel for cooking and transportation. The success of both Bangalore-based organizations suggests that new technologies such as biogas can be scaled up.
Success achieved at the small-scale/rural level with biogas and the two additional examples of larger/urban bio-energy ecosystems presented in this paper contrast with the failure of a national oil company in India to produce biodiesel from Jatropha Curcas, a new oilseed crop. The long gestation period for Jatropha crops to mature and limited availability of Jatropha seeds [18, 72] prevented the establishment of an industrial ecosystem due to an inability to demonstrate sufficient benefit to villagers, scale up production and establish marketing channels to make it economically viable [18, 72] . In contrast, applications of biogas in the cases presented in this paper were economically viable from the start (for example, with CNG being used as a replacement for LPG), while NGOs like RGSS provided the skills, training and linkages, and demonstrated the value of the biogas by using it for their own needs.
Limitations
The paper draws on one case of a rural decentralized bio-energy ecosystem that facilitates SCP and resilience and provides two additional cases of larger/urban bio-energy ecosystems that suggest that such industrial ecosystems can be scaled up. Additional large-scale solutions may exist that are not considered here. Moreover, this paper focuses only on biogas; additional industrial ecosystems dimensions may come to light when considering other renewable energy technologies. Nevertheless, support for the framework is indicated by research on grassroots innovations such as community farming and alternative community-based economies such as those found in the UK [46] .
In conclusion, this research has implications for theory and practice in developing economies and emerging markets in Asia and Africa where the creation of sustainable, robust and resilient industrial ecosystems is crucial for economic transformation and alleviation of environmental degradation. It also yields insights for industrialized economies in USA and Europe in areas where renewable energy solutions can facilitate forming hyper-local communities that aim to reduce pollution and environmental damage and enhance the health and well-being of citizens. Policy makers could consider promoting the development of external linkages that bring knowledge and other resources into the community, enhance entrepreneurial entry, and focus on ensuring the use of local resources when designing industrial ecosystems for environmental and socio-economic sustainability. Future practice can be informed by insights on sustainable production and consumption and resilience in industrial ecosystems for biogas considered in this paper and contribute not only to better economics but also to a better quality of life. Future research could validate the framework by simulating industrial ecosystem sustainability over time and through large sample empirical studies of industrial ecosystems in other locations.
